A method is presented for predicting shunt currents in stacks of bipolar plate cells with conducting manifolds. The method is based on the requirement that the potential drop through the solution in a manifold be large enough to force current to leave the solution and to enter the conducting manifold. The current that leaves the solution in the manifold enters the conducting manifold at the anode end of the stack and returns to the solution at the cathode end. This could cause catastrophic failure of a manifold.
Shunt currents occur in stacks of bipolar plate electrolyzers because of the common electrolytic solutions. Previous work (1, 2) has shown how to determine shunt currents for electrolyzers that have nonconducting manifolds. The purpose of this paper is to present a method for determining shunt currents in electrolyzers with conducting manifolds. It is important to account for shunt currents in large stacks of bipolar plate cells with conducting manifolds because of the possibility of producing unwanted species in the manifolds (hydrogen gas in the chlorine gas/anolyte manifolds of chlor-alkali cells, e.g.) and the much worse possibility of failure of the manifolds due to dissolution. Conducting (metal) manifolds are often selected over other piping materials for economic reasons. For example, in the case of the membrane chlor-alkali process, titanium and nickel are highly corrosion resistant to the anolyte and catholyte, respectively. Plastic (i.e., PTFE) lined steel pipe is often used for the piping of this process. Unfortunately, a typical manifold does not have standard lined pipe dimensions; consequently, fabrication of a manifold with a plastic liner would be difficult.
Figures 1 and 2 show pictorially and schematically, respectively, how shunt current can enter a conductor in an electrolytic solution. As shown in the figures, current enters a brine solution by oxidation of chloride ions to form primarily chlorine gas, travels in the solution to a platinum foil, enters the foil by reduction of water to form hydrogen gas, and leaves the foil by oxidation of chloride ions. Finally, the current leaves the cell by reduction of water.
If the Pt foil in Fig. 2 were replaced with a commercially pure Ti foil, anodic current would cause dissolution of the titanium, which would occur at the end of the foil nearest the cathode. If the solution in Fig. 2 . were changed to a sodium hydroxide solution and the foil changed to nickel, shunt current might leave the foil by oxidation of hydroxyl ions to form oxygen which would be an impurity gas in the hydrogen of a chlor-alkali cell. Consequently, it is desirable to be able to predict the location and extent to which shunt currents enter and leave conducting manifolds in electrolyzers. This can be done in a worst case sense by a simple extension of a previously published model (1, 2).
* Electrochemical Society Active Member. Figure 3 is a circuit analog model for shunt currents in a stack of bipolar cells with conducting manifolds. The circuit includes current paths through the wall of the manifold (I4j) and in the metal manifold (/53). Values for these currents can be obtained by extending the set of equations presented earlier (1, 2) , as shown in Part I of the Appendix, and solving these equations after values have been set for the input variables: N, IT, Yo, R1, R2, R3, Rm, and Rwj. Values for N, IT, Vo, R1, R2, and R3 are set in the same way as before (1, 2) , and a value for the resistance of a segment of manifold (Rm) can be obtained in the usual manner by using the specific resistance of the metal (p), the length of the current path in the manifold segment (l), and the cross-sectional area of the current path (A) pl R,~ = --[1] A Values for the resistances Rwj are determined in an iterative process that yields values for the branch currents and, consequently, the shunt currents. The first step in the process is to ignore the top half of the circuit in Fig. 3 and solve for I u, I2j and I3j, as before (1, 2) . The branch currents in the solution phase of the manifold (I3~) can then be used to predict the potential drop from point a to point b in Fig. 3 N V~ = ~ R313j first step in iteration process [2] j=l If V~ is less than the decomposition potential, Vd, for the electrochemical reactions associated with the shunt current entering and leaving the conducting manifold (Vd Nernst potential plus overpotentials), no current will enter the wall of the manifold. If V~ is larger than Vd, current will enter the metal wall of the manifold because it would then offer the path of least resistance. For a worst case basis, the decomposition potential can be set equal to the Nernst potential (i.e., ignore the overpotentials) and the wall resistance set equal to zero. In a more realistic case for titanium and other valve metals, it may be desirable to include the pitting potential (4) in the decomposition potential. It is important to note that if the number of cells in the stack is small, as it may be in a pilot plant, then it is possible that no shunt current would enter the conducting manifold. However, this situation could change for a larger number of cells in a stack.
Model
When V~ is found to be larger than Vd, the next step in the iteration procedure is to determine where the shunt currents enter and leave the conducting manifold. Table I presents the input values and shows the predicted branch currents for a case where the conducting manifold is made of Ti with a DSA ~ coating on the inside of the manifold and the electrolyte in the manifold is an acidified brine solution. This method of protecting Ti pipe in chlor-alkali service has been described by others (5, 6) . In this case the electrochemical reactions for current entering and leaving the metal manifold would be production of hydrogen and chlorine, respectively. The predicted shunt currents given in Table I can be used to calculate the current efficiency of the stack and the amounts of gases generated due to the shunt currents entering and leaving the 1 DSA is a trademark ofDST S.A. Y J conducting manifold. In this case, the current efficiency for the stack is high and the amount of gas generated is low. It is worth noting that when the brine becomes saturated with chlorine, hydrogen gas may not be evolved. However, during start up, shut down, and other transient periods the amount of H2 produced due to shunt currents may lead to explosive gas mixtures. Depending on the electrolyte and material of construction of the manifold, a metal dissolution reaction might be possible instead of oxidation of chloride ions to chlorine. This type of reaction could lead to rapid failure of the manifold. Figure 5 shows how the shunt current is distributed along the manifold for the case shown in Table I . Also shown in Fig. 5 is the shunt current distribution for the same case with a nonconducting manifold. It is interesting that the total shunt current (sum of the electronic path and ionic path shunt currents) is about 4% higher for the conducting manifold case. For a smaller number of cells it can be shown that no current would take the electronic path because the potential drop in the solution in the manifold would not be large enough to force current to enter the conducting manifold, as mentioned above.
Results and Discussion
The model presented here was also used to predict the shunt currents that were measured in a 60-cell membrane chlor-alkali demonstration plant located at The Dow Chemical Company's plant site in Freeport, Texas. An example of the type of electrolyzer on which the measurements were made is shown in Fig. 6 . The curved piping (tubes) extending from each cell in the electrolyzer is a Teflon type material which connects to the metallic manifolds. The manifolds are the larger straight piping members which are blind flanged at one end and lead away from the electrolyzer at the other end. The current flow in the anolyte and catholyte inlet tubes at each terminal cell and in each of the third inlet tubes from the terminal cells was measured with a clip-on ammeter as described in an earlier paper (2). The input variables, which reflect the operating conditions of the demonstration plant at the time that the shunt current measurements were made, are listed in Table II . The model was used separately to predict the shunt currents in the anolyte inlet manifold and the catho- 
B I P O L A R P L A T E C E L L S 1611
Pc PC PC Pc Step 2 I~1 -R. 2 = ~,N=I ~ R*,N --10 -s O 14j = 0 for l = 3 to N-2
Fig. 4. Network changes in steps
lyte inlet manifold. A value of 1.5V for Vd was selected for t h e a n o l y t e i n l e t m a n i f o l d c a s e a n d is b a s e d o n t h e r e a ct i o n s s h o w n in Fig. 2 Fig. 7 a n d 8. T h i s l e n g t h w a s e q u a l to t h e d i s t a n c e o f 16 a n d 14 cell p o s i t i o n s for t h e a n o l y t e a n d c a t h o l y t e i n l e t m a n i f o l d s , r e s p e c t i v e l y . Table I 
. F o r t h e c a t h o l y t e i n l e t m a n i f o l d c a s e t h e r e a c t i o n s a r e o x i d a t i o n o f O H -a n d r e d u c t i o n o f H 2 0 in a s t r o n g c a u s t i c s o l u t i o n . F o r t h i s c a s e a v a l u e o f 1.4V w a s u s e d for Vd. A s s h o w n i n T a b l e III t h e a c c u r a c y o f t h e m o d e l p r ed i c t i o n s is w i t h i n 96-100% o f t h e m e a s u r e d v a l u e s . F i g u r e s 7 a n d 8 s h o w h o w t h e s h u n t c u r r e n t s a r e d i s t r i b u t e d a l o n g t h e a n o l y t e a n d c a t h o l y t e i n l e t m a n i f o l d s , r e s p e c t i v e l y . N o t e t h a t t h e m a j o r p o r t i o n o f t h e s h u n t c u r r e n t s a r e c o nd u c t e d b y t h e m e t a l m a n i f o l d s ( e l e c t r o n i c c u r r e n t p a t h s ) . T h e m a g n i t u d e s o f t h e i o n i c a U y c o n d u c t e d c u r r e n t s app e a r to b e z e r o a l o n g m u c h o f t h e l e n g t h o f t h e m a n i f o l d s , b u t a r e a c t u a l l y s m a l l v a l u e s . T h e l e n g t h o f t h e m a n i f o l d o v e r w h i c h t h e v a l u e o f Vd = V~ is i l l u s t r a t e d g r a p h i c a l l y b y t h e c e n t e r p o r t i o n s o f e a c h o f t h e t w o c u r v e s i n

Summary
It h a s b e e n s h o w n h o w to e x t e n d a n d u s e a p r e v i o u s l y p r e s e n t e d m o d e l to p r e d i c t s h u n t c u r r e n t s in a b i p o l a r p l a t e s t a c k o f cells w i t h c o n d u c t i n g m a n i f o l d s . T h e m e t h o d c o n s i s t s o f d e t e r m i n i n g t h e n e w b r a n c h c u r r e n t s i n t h e c i r c u i t a n a l o g m o d e l b y u s i n g t h e c o n c e p t t h a t t h e
o t e n t i a l d r o p in t h e e l e c t r o l y t e in t h e m a n i f o l d m u s t e xc e e d t h e d e c o m p o s i t i o n p o t e n t i a l o f t h e e l e c t r o c h e m i c a l r e a c t i o n s a s s o c i a t e d w i t h c
u r r e n t e n t e r i n g a n d l e a v i n g t h e m e t a l m a n i f o l d . I f t h e d e c o m p o s i t i o n p o t e n t i a l is k n o w n , t h e s e b r a n c h c u r r e n t s c a n b e u s e d to d e t e r m i n e if electroly s i s will o c c u r at t h e w a l l o f t h e c o n d u c t i v e m a n i f o l d . I f 
Part II
The currents I4,j for i < j < N in Fig. 3 can be set equal to zero exactly when using a computer program based on BAND(J) by removing I4.j from Eq. 
